The idea that our conscious decisions determine our actions has been challenged by a report suggesting that the brain starts to prepare for a movement before the person concerned has consciously decided to move (Libet, Gleason, Wright, & Pearl, 1983) . Libet et al. claimed that their results show that our actions are not consciously initiated. The current article describes two experiments in which we attempted to replicate Libet et al.'s comparison of participants' movement-related brain activity with the reported times of their decisions to move and also the reported times of their decisions of which hand to move. We also looked at the distribution of participants' reports over time to evaluate an alternative explanation of Libet et al. 's (1983) results. Although the Readiness Potential was usually present before all of the decisions to move, consistent with the findings of Keller and Heckhausen (1990) and Libet et al. (1983) , we found that many reported decision times were before the onset of the Lateralized Readiness Potential, which measures hand-specific movement preparation. The latter finding is consistent with the conclusion that the LRP always started after the conscious decision to move. We conclude that even though activity related to movement anticipation may be present before a conscious decision to move, the cortical preparation necessary for the movement to happen immediately may not start until after the conscious decision to move.
INTRODUCTION
How does a person voluntarily initiate a movement? One explanation-formalized by Descartes (1988 translation) but so widely taken for granted that it seems obvious-is that the person freely makes a conscious decision to move and that this decision initiates the required brain activity and consequently the movement itself. Contrary to this seemingly obvious view, however, Libet, Gleason, Wright, and Pearl (1983) presented evidence suggesting that the decision to make a voluntary movement actually occurs after the onset of movement preparation in the brain. In the experiment of Libet et al., participants made spontaneous voluntary hand movements at random times, and after each movement they were asked to identify the time at which they had made the decision to initiate that movement. Scalp electrodes were also used to record the Readiness Potential (RP), a measure of cortical movement preparation. Libet et al. found that the average onset of the RP was 500 ms before the movement, while the average reported time of the decision to move was only 200 ms before the movement. They concluded that brain preparation starts before the conscious decision to move and hence that movement initiation begins unconsciously. These results were quite controversial (see for example the commentators to Libet, 1985) , at least partly because they seem to contradict the idea that our conscious decisions have a causal effect on our actions.
The present article reports two experiments carried out in an attempt to replicate and extend the findings of Libet et al. (1983) . In particular, we examined two alternative explanations of their findings, described in detail below. In brief, one explanation suggests that a type of measurement bias makes RP onset appear earlier than it actually is and thereby invalidates the comparison of RP onsets with decision times. According to this explanation, the bias can be eliminated by comparing RP onsets against the earliest decision time instead of the average decision time, so we made this comparison in the present experiments. According to the second alternative explanation, the RP actually reflects nonmotor as well as motor activity, and its early onset reflects general anticipatory processes rather than cortical movement preparation. This explanation was tested by examining a more unambiguously motor component of the EEG known as the lateralized readiness potential (LRP).
ALTERNATIVE EXPLANATION 1: BIASED MEASUREMENT OF READINESS POTENTIAL ONSET
We investigated the possibility of a smearing artifact that-with sufficient variation from trial to trial-would produce Libet et al.'s (1983) key result (that the onset of the RP in averaged EEG waveforms is earlier than the average reported time of the decision to move) even if the decision to move had preceded the onset of the RP on every single trial.
It is well-known in EEG research that the latency of EEG components depends on whether the latencies are measured from individual trials and then averaged or the latency is measured from the averaged waveform (Callaway, Halliday, Naylor, & Thouvenin, 1984) . This is because of a smearing artifact that occurs when EEGs are averaged. The smearing artifact means that the onset latency of an EEG component, in a recording which has been averaged over several trials, is close to the earliest onset of that component in all the individual trials contributing to the average (Meyer, Osman, Irwin, & Yantis, 1988) . Specifically, the onset of most of the RPs obtained by Libet et al. (1983) may have been much closer to the movement than the onset of the average waveform would indicate. If a few trials in each block of 40 had RP onsets at about Ϫ500 ms (i.e., 500 ms before the movement), then (even if most of the other trials had RP onsets much closer to the movement) the average waveform over the whole block would have an RP onset at about Ϫ500 ms.
The left column in Fig. 1 is an illustration of the smearing artifact. The brain activity from four separate trials is shown in the top four graphs, and the RP onset varies from Ϫ550 to Ϫ150 ms relative to the movement at 0 ms. When the recordings from these trials are averaged together (lowest graph) the onset latency of the RP in the averaged waveform clearly reflects the latency of the trial where the RP started earliest.
The possible implications of this smearing for Libet et al.' s results are shown in the right-hand column of Fig. 1 , where the reported time of the intention to move on each trial is shown by a black dot. As in the Libet experiment, the average time of the decision to move is after the RP onset estimated from the averaged waveform Libet et al.'s (1983) results. On each trial the idealized component is represented as a linear increase in EEG starting at time t relative to the movement at t ϭ 0. On trials 1-4 in the left column, the component begins at t ϭ Ϫ550, Ϫ150, Ϫ450, and Ϫ250 ms respectively. Smearing is evident in the average waveform shown in the bottom left panel: the onset of the component (i.e., the change from baseline) in the average can be seen at about t ϭ Ϫ550 ms, corresponding to the earliest individual-trial onset. In the right column, the components in trials 1-4 have the same onset times as in the left panels. In addition, the reported time of the decision to move for each trial is shown as a black dot, and this time is exactly 50 ms before the component starts in each individual trial. As shown in the bottom right panel, however, the average of the reported decision times may be later than the onset of the component in the averaged waveform. Thus, the average time of a reported decision may appear later than a component visible in the average EEG even if the decision precedes the component in every trial.
(lowest graph), even though the decision occurs before RP onset on each of the four individual trials shown. Thus, the smearing artifact presents a challenge to Libet's conclusions by showing that the averaged results do not necessarily reflect the order of the RP onset and the decision to move in individual trials.
Temporal Order Judgment Methodology
To evaluate this alternative explanation, we estimated the amount of variability in the reported time of the decision to move using methods for the analysis of Temporal Order Judgments (TOJs). The participant's task was very similar to the Order condition used by Libet et al. (1983) , with participants reporting whether their decision to move occurred before or after a reference time. Rather than looking at the average estimated time of the decision to move, however, we looked at the full distribution of such times, focusing in particular on the earliest times that participants ever reported as being after the decision to move. If the decision were really before the start of the RP on every trial, then the earliest decisions would be before the RP onsets. The earliest decisions appear as the start of the distribution obtained from the TOJs; for example, if a point in time is only reported as ''after the decision'' on 5% of trials, then the earliest 5% of decisions are before that time. As discussed above the earliest RP onsets are reflected in the onset time of the RP in the average wave of the EEG.
In standard psychophysical paradigms for studying TOJs, a participant experiences two stimuli in quick succession and then judges which of the two stimuli seemed to happen first. The analysis assumes that the two stimuli (x and y) were presented at times tx and ty respectively, separated by ty-tx ϭ d ms (so that d is positive when x is first). The probability of the participant's report ''x happened first'' varies as a function of d, that is, the distribution of Pr(x first: d) can be expressed as F(d). When d is large and negative Pr(x first: d) is approximately 0, and when d is large and positive Pr(x first: d) is approximately 1, so that F(d) behaves similarly to a cumulative frequency distribution (Sternberg & Knoll, 1973; Ulrich, 1987) . Sternberg and Knoll noted that the distribution F(d) contains information about both the central tendency and the variability of the reports. For example, the point of subjective simultaneity (PSS) is the median of the distribution: the value of d for which both reports are equally likely. It is usually different from the point of actual simultaneity, at d ϭ 0. The current paradigm differs from standard ones in that one of the ''stimuli'' is the covert decision to move (the other is the temporal location signaled by the position of the reference dot), so the value of d is not known to the experimenter on any given trial. Nonetheless, methods for the analysis of TOJs are readily adapted to the present paradigm.
Given that smearing causes the RP to start at the time of the earliest onset of the relevant brain activity, it is necessary to compare RP onset against the earliest decisions to move to see whether brain activity really starts before these decisions have occurred. However, previous studies (Haggard & Eimer, 1999; Keller & Heckhausen, 1990; Libet et al., 1983) have not systematically examined the times of such earliest reported decisions. The two studies reported in the current article were performed to allow this examination to be made and to obtain evidence about whether the smearing artifact was responsible for Libet et al.'s (1983) conclusions.
ALTERNATIVE EXPLANATION 2: READINESS POTENTIAL REFLECTS NONMOTOR ACTIVITY
A second crucial issue for Libet et al.'s (1983) conclusions concerns the appropriateness of the RP as an indicator of cortical movement preparation. The changes that occur in the brain before and after a self-paced voluntary movement are collectively known as the movement-related cortical potential (MRCP). The MRCP can be observed noninvasively by attaching electrodes to the scalps of human volunteers, measuring brain activity during a number of movements, 2 and then averaging activity across the trials, with the recordings aligned at the time of movement onset. 3 The most visible component of the MRCP is the Readiness Potential (RP) because of its relatively large amplitude and long duration, and this was the component measured by Libet et al (1983) . As discussed below, however, there is evidence that nonmotor processes may also contribute to the RP, so it is possible that these nonmotor processes are actually responsible for the fact that the RP starts before the decision to move. Libet et al's conclusion that movement-related brain activity precedes the conscious decision to move would clearly be strengthened if the finding could be replicated with an EEG component that is more specific to motor processes. Therefore, in the present studies we also measured the LRP, which measures hand-specific preparation to move. 4 
The Readiness Potential
The earliest component of the MRCP is the RP, a movement-preceding negativity at Cz which has also been referred to as the Bereitschaftspotential (Deecke et al., 1976; Kornhuber & Deecke, 1964) and as N1 (Vaughan et al., 1968) . The RP is a slow negative wave that precedes a voluntary movement, and, as its name suggests, it probably reflects processes involved in planning or intending to move in the near future (Shibasaki, 1992) . The RP occurs in the precentral and parietal areas of the cortex, is maximally negative at the vertex, Cz (Shibasaki, 1992) , and is sometimes positive over frontal areas (Deecke et al., 1976) . The RP is symmetrical across the hemispheres for movements by either hand, and it is probably generated at least partly in the supplementary motor area (SMA; Barrett, Shibasaki, & Neshige, 1986; Shibasaki, 1992) .
Because the RP begins gradually and EEGs contain large amounts of random noise, it is difficult to determine precisely the time of RP onset (Van der Kamp, Rothwell, Thompson, Day, & Marsden, 1995) . 5 Nonetheless, when movements are performed in long irregular sequences, the RP clearly begins up to 1-1.5 s before the movement (see Fig. 2 for a schematic diagram). Although the onset becomes closer to the time of the movement with more practice (Deecke et al., 1976) , the long interval between RP onset and the movement suggests that nonmotor processes are involved in the RP's generation because motor preparation and response initiation can clearly be accomplished in much less than 0.5 s in many cases (e.g., speeded reactions). The RP is affected by many of the characteristics of the movements it precedes, suggesting that it depends on motor processes. For example, the RP is larger before two movements performed in sequence or simultaneously relative to either movement performed alone (Benecke et al., 1985) .
There is also evidence that the RP depends on nonmotor factors, however, suggesting that it may also be sensitive to other processes. For example, there is evidence that RPs are of larger amplitude before deliberate voluntary movements than before either unconscious movements (Keller & Heckhausen, 1990) or involuntary tics asso-ciated with Gilles de la Tourette's syndrome (Obeso, Rothwell, & Marsden, 1981; but compare Karp, Porter, Toro, & Hallett, 1996) . In addition, the RP before a movement is larger when the participant expects to receive feedback about the results of the movement (McCallum, 1988) , and it almost completely disappears as participants lose interest in the task (Deecke, Becker, Grözinger, Scheid, & Kornhuber, 1973) . Finally, the latency and amplitude of the RP also depend on whether the movement is initiated internally (i.e., by the person making the movement) or externally (e.g., in response to a stimulus; Papa, Artieda, & Obeso, 1991) . Papa et al. found that a normal RP of about 1300 ms preceded voluntary movements but that there was no RP before the same movement performed in response to an imperative stimulus in a reaction-time paradigm, even if the participant knew in advance which movement would be required. When the participant was asked to wait for some self-determined brief time after the imperative stimulus before moving, the usual RP was produced, as it was when a warning signal was followed after some interval by a movementtriggering stimulus. 6 Papa et al. concluded that the RP reflects a sequence of processes necessary for a voluntary movement to be generated, and that some of these processes are optional and can be omitted from the sequence when the movement is generated in response to a stimulus. Clearly, one possibility is that some of the optional processes are nonmotoric in nature (e.g., concerned with general preparation for performing a task or for controlling the time when the voluntary movement will be generated). Indeed, considerable evidence indicates that negativity at Cz can be caused by anticipation of a stimulus (Gaillard, 1977; Gaillard & Perdok, 1980; Perdok & Gaillard, 1979) , even if no motor response is required (e.g., Brunia, 1993; Gaillard & Van Beijsterveldt, 1991; Van Boxtel & Brunia, 1994a , 1994b . Thus, it is impossible to be sure that response-preceding negativity at Cz is an unambiguous sign of specifically motor preparation.
Even some aspects of Libet et al.'s (1983) own results suggest that the RP is sensitive to nonmotor processes. In the early studies of the MRCP, the movements were voluntary self-paced flexes of the hand or fingers, which the participant repeated at irregular intervals of 3-4 s (Barrett et al., 1986; Shibasaki et al., 1980) . These movements were described as voluntary because they were not responses to an external stimulus and as self-paced because the participant determined the time of each flex. However, it was argued that such repetitive self-paced movements were not spontaneous enough to be truly voluntary (Libet, Wright, & Gleason, 1982) . In order to promote spontaneity in the Libet et al. (1983) study, participants were allowed to wait as long as they wanted to before moving and there was only one movement in each trial, so that each was produced separately (rather than as part of a series). These movements were described as self-initiated.
With this procedure, participants initially still produced RPs that started about 1 s before the self-initiated movements. Later, participants were given instructions to ''let the urge to act appear on its own without any preplanning'' (Libet et al., 1983, p. 625) , that is, to move as soon as they wanted to rather than plan ahead when the movement would happen. The brain activity before these more spontaneous movements started later, an average of 500-600 ms before the EMG onset (Libet et al., 1983) . However, participants did not always succeed in being spontaneous. Sometimes a participant in the Libet et al. (1983) study admitted that he or she had planned in advance when one or more of the movements (from a block of 40 trials) would happen. In these cases (12 of the 37 blocks) the MRCP usually began earlier-an average of about 1 s before the movement. This evidence supports the suggestion that the RP is present much earlier when some degree of preplanning occurs than when the movement is completely spontaneous. Taken as a whole, these results further support the idea that an RP may be generated by some nonmotoric processes involved in considering a movement that will occur at some time in the future and thus weaken the claim that the early onset of RP indicates that the brain starts preparing a movement before the participant has consciously decided to make it.
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In summary, although the RP reflects cortical activity related to the preparation to move, it may not be related solely to motor preparation, but may also be caused at least partly by cognitive or perceptual aspects of the preparation to move, such as anticipation or motivation. Thus, although the RP has been reported 500 ms before spontaneous voluntary movements (Keller & Heckhausen, 1990; Libet et al., 1983) , it is still not clear that the brain starts specific movement-related preparation that early.
The LRP
To identify activity that is more specific to motor preparation than the RP, researchers have focused more recently on an ERP component with an asymmetry that depends on which hand is about to move (e.g., Kutas & Donchin, 1980) . Because each half of the body is controlled by the motor cortex on the opposite side of the brain (for most right-handed people), it has been argued that this asymmetry might reasonably be taken to reflect movement-specific processes (e.g., Coles, 1989) . For voluntary movements, hand-specific asymmetry occurs in the MRCP about 400-500 ms before a movement, with greater negativity in the hemisphere opposite the moving hand (Deecke et al., 1976; Shibasaki et al., 1980) and with the slope of the MRCP becoming steeper (Vaughan et al., 1968) . This asymmetric component of the MRCP is referred to as the NS′ (Negative Slope), and its maximum is in the precentral primary motor cortex (Vaughan et al., 1968) . The NS′ seems to represent a lateralized increase in activity in the primary motor cortex that will control the forthcoming movement (Barrett et al., 1986; Shibasaki et al., 1980) . 8 In response to Kutas and 7 At the other extreme, Libet et al. (1983) reported that brain activity during some other blocks started very shortly before the time of the movement. Of the 37 blocks that were reported, the 5 shortest EMCPs had an average onset of just Ϫ270 ms before the movement. These blocks rarely occurred in the first session for any participant, and given the evidence (Deecke et al. 1973 ) that RP declines with participants' motivation, it may simply be that subjects were losing interest and engagement with the Libet task.
8 Barrett et al. (1986) also observed an intermediate slope (IS) which started at roughly Ϫ900 ms, between the RP (Ϫ1600 ms) and the NS′ (Ϫ300 ms), but the significance of this component has yet to be determined. The IS was symmetrical before a left-hand movement and asymmetric (with greater negativity contralateral to the moving hand) before a right-hand movement, and it was probably generated in the premotor area (Shibasaki, 1992 ). Donchin's (1980) suggestion, two groups independently derived the Lateralized Readiness Potential (LRP; Coles, Gratton, & Donchin, 1988; de Jong, Wierda, Mulder, & Mulder, 1988) , which measures the difference between NS′ component in the motor cortex controlling the movement and the NS′ in the motor cortex of the opposite hemisphere.
The formula for calculating the LRP is shown below. Essentially, the amount of activity recorded over the primary motor cortex ipsilateral to the movement is subtracted from the amount of contralateral activity. The difference between hemispheres is then averaged across movements by left and right hands to exclude any overall difference in hemispheric activity (see Fig. 3 ). In the following formula, C3′ and C4′ are recordings from the precentral cortices of the left and right hemisphere and l and r indicate averages over conditions in which movements are made by the left and right hands, respectively:
The LRP has several characteristics suggesting that it is a useful measure of handspecific movement preparation (see Eimer, 1998 , for a review). The most basic of these is that the onset of the LRP is before the start of the movement, so that the claim has initial credibility. In addition, as mentioned above, the LRP is maximal over the primary motor cortex of each hemisphere (Vaughan et al., 1968) and is at least partly generated in that area. Additional evidence for the involvement of primary motor cortex in the LRP comes from the finding that the polarity of the LRP for foot movements is opposite to that for hand movements (Brunia & Vingerhoets, 1980) . This can be explained by the fact that, whereas hand movements are mapped onto an area on the outside surface of the motor cortex, foot movements are represented in an area that is curled over inside the longitudinal fissure of the brain. Thus, when the surface negativity associated with increased activity creates a dipole, the dipoles generated by hand and foot activity point in opposite directions. Miller and Hackley (1992) argued that in other sections of the brain (such as the premotor cortex, SMA, or cerebellum) the relationships between areas that map to the hands and feet do not give rise to similar explanations for opposite polarity. As well as being sensitive to whether a movement is made by a hand or a foot, the LRP is also affected by the complexity of a movement (Hackley & Miller, 1995) .
An important feature of the LRP is that it is very sensitive to whether there is an opportunity to prepare for the movement. For example, when a cue provides information about which hand will be required to make a response to an imperative stimulus, an LRP is generated in the period before that stimulus (e.g., Gratton, Bosco, Kramer, Coles, Wickens, & Donchin, 1990) . As would be expected, the polarity of the LRP generated in this condition indicates that the amount of cortical activity is greater in the hemisphere opposite the cued hand. The LRP can also occur when the moving hand has been specified, before the participant has been told which finger to move (de Jong et al., 1988) , and when an imperative stimulus is later contradicted by an instruction not to move (de Jong, Coles, Logan, & Gratton, 1990) .
In summary, the LRP measures the degree to which there is more preparation to move one hand than the other, and it therefore seems to be a more specific measure of motor preparation than the RP, which shows signs of also reflecting a general Note that the MRCP preceding the movement is more negative in the hemisphere opposite the moving hand. The middle panels show the difference between contralateral and ipsilateral MRCPs, and the bottom panel shows the average of these differences, which is the LRP.
anticipation of a forthcoming voluntary movement. Clearly, then, a finding that LRP onset preceded conscious decision making would considerably strengthen Libet et al.'s (1983) conclusion that brain processes involved in movement preparation actually do precede the conscious decision to move.
EXPERIMENT 1
This experiment was designed to evaluate both of the alternative explanations of Libet et al.'s (1983) results raised in the introduction. We used temporal-order judgment methodology to examine the full distribution of decision times and in particular to estimate how far in advance of the movement the earliest decisions occurred. We also recorded EEG so that movement-related cortical activity and decision times could be compared for the same participants and trials. EEG was recorded over both the left and right sensorimotor areas so that we could measure both the RP examined in earlier studies (Keller & Heckhausen, 1990; Libet et al., 1983) and the LRP, which appears to be a more direct measure of movement-specific brain activity (Coles, 1989; Eimer, 1998) .
Method

Participants
A total of 19 volunteers, recruited on the University of Otago campus, were each paid N.Z. $30 to participate in a single 3-h session. All participants were right handed according to the Edinburgh Handedness Inventory and had normal or corrected-tonormal vision.
Apparatus
A computer was used to present the instructions and stimuli for each trial (via a standard color computer monitor) and to collect the participants' responses, which were made by pressing one of two keys on a standard computer keyboard. The apparatus for the collection of EEG data is described below.
The Task
The procedure was similar to that used by Libet et al. (1983) . In each trial the participant sat watching the computer monitor, with fingers resting lightly on the keyboard. At the beginning of each trial a blue L or R appeared in the center of the screen to indicate whether the participant should move with the left hand (to press the ''z'' key) or right hand (to press the slash key, ''/'') on that trial. The letter was visible for 1 s and then there was a delay (uniformly distributed between 1 and 2 s) before a clock, described below, appeared. The clock was displayed for up to 8 s in each trial. The participant was asked to watch the clock and to suddenly press the appropriate key any time they wanted to, noting the position of the dot at the time of the decision to ''go now.'' As in the Libet et al. study, participants were encouraged to move spontaneously as soon as they felt like it rather than preplan the movement.
The Clock
The clock was a blue rectangular track, 15 mm wide and 110 mm tall, with equally spaced ticks labeled from 1 to 12 around the perimeter. The fixation dot in the center of the clock was white, as was the dot that moved at a constant speed of 0.1 m/s around the track. The moving dot made just over 3.25 clockwise revolutions per 8-s trial if no key-press was made.
If the participant did press a key, the dot continued moving for 500-800 ms (uniformly distributed) and then appeared somewhere on the track as a stationary reference dot (see below for details of how the reference position of the dot was determined for each trial). The continued movement of the dot was to prevent the participants from using the disappearance of the dot as a visual cue for the time of the key-press. The participant was then asked to report the time of the decision to move in that trial.
Reporting the Time of the Decision to Move
The method used for participants to report the time was adapted from the Order Method used by Libet et al. (1983) . As described above, participants were asked to observe a dot moving clockwise around a rectangular track and remember where the dot was at the instant of their decision to ''go now.'' Participants then reported whether the time of their decision was before or after a reference time, which was indicated by a stationary reference dot appearing somewhere on the track after the response (the position of the reference dot for each trial was determined as described below). For example, suppose in one trial a participant believed that the dot was passing over the 3 o'clock position of the track at the time of his or her decision to ''go now.'' If the reference dot appeared at the 2 o'clock position it was to be described as before the decision, whereas if it appeared at the 4 o'clock position it was to be described as after the decision. Responses were made via the keyboard: the participant pressed the slash key with the right hand to signify ''the reference dot was before the decision'' and the ''z'' key with the left hand to signify ''the reference dot was after the decision.'' Next, the participant was also prompted to press a key to indicate whether the timing of the movement in that trial had been spontaneous (''z'' key) or preplanned (slash key).
A minor difference from usual TOJ technique is that we could not make a direct comparison between the two events of interest (the reference position of the dot and the feeling of initiating a movement). Instead the d that was manipulated was the difference between the reference position of the dot and the time of the key-press. The position of the stationary reference dot in each trial was determined using Kaernbach's (1991) weighted up-and-down method, with two randomly interleaved staircases. To estimate the 75th percentile of the decision time distribution (i.e., the time that was reported as being before the decision 75% of the time), the dot initially appeared at the location where the traveling dot had been 400 ms before the keypress. In subsequent trials the dot was moved 10 ms later if the participant reported that the reference dot was before the decision to move or 30 ms earlier if the participant said the dot was after the decision. Similarly, for the 25th percentile series (i.e., to find the time that was only before the decision on 25% of trials) the reference dot initially appeared at the location where the traveling dot had been at the instant of the key-press, and the location of this dot was adjusted either 30 ms later or 10 ms earlier, depending on the participants' reports. It should be noted that all times are reported relative to the instant when the key was pressed by the participant.
Design
The experiment consisted of 12 blocks of 20 trials. There were equal numbers of left and right hand trials randomly intermixed in each block. Participants were allowed to wait as long as they wanted before initiating each new block, and there was also a compulsory 5-min break after the sixth block. The experimental instructions appeared on screen at the start of each block.
Electrophysiological Recording
Scalp electrodes (Ag/AgCl) were attached using Grass EC2 electrode cream at positions C3′, Cz, and C4′, where Cz is the vertex and C3′ and C4′ are 1 cm anterior and superior to C3 and C4 respectively, using the International 10/20 System. Selfadhesive facial electrodes were attached above and below the left eye to record blinks and vertical eye movements, near the left and right outer canthi to detect horizontal eye movements, and in the center of the forehead to act as a ground electrode. Vertical eye movements were recorded as the difference between the electrodes above and below the left eye. For all other head measurements, the reference was a butterfly electrode fixed to the left earlobe with EC2 cream. The electromyogram (EMG) for each arm was recorded as the difference between two self-adhesive electrodes, placed 1/3 and 2/3 of the distance between wrist and elbow on the left and right inner forearms.
Impedances for the scalp and face electrodes were less than 5 kΩ, while the arm electrodes had impedances less than 15 kΩ. Signals from the electrodes were amplified using an amplifier made by SA Instrumentation Co. (San Diego, CA) with bandpass settings of 0.01-100 Hz for scalp and horizontal eye-movement electrodes and of 0.1-100 Hz for arm and vertical eye-movement electrodes. The electrophysiological data were sampled at 100 Hz and converted to digital information to be stored on computer for off-line analysis. The 200 ms before the appearance of the clock on each trial was used as the baseline.
Results
Preliminary EEG Analysis
EEG and TOJ data were obtained from exactly the same trials. For each participant, the first block was considered practice and was not analyzed. Trials with no responses (1.3%), or responses by the wrong hand (3.2%) were also discarded, as were trials in which participants reported that the movement had been preplanned (4.5%: there were not enough preplanned trials to analyze these separately). We also excluded all trials in which the movement was made in the first 1000 ms of the trial because we were interested in the brain activity which occurred during 1-2 s before a movement. On average across the 19 participants 15% of trials were discarded for early re-sponses, but for one participant 71% of trials had to be thrown out, so this participant's data were not included in the analyses.
Inspection of the EMG data revealed that two participants had large slow disturbances in one or both arm channels throughout much of the experiment, possibly indicating either continuous movements or tension in the arm muscles. Because such lateralized movement activity would be likely to contaminate the LRP, these participants were also excluded from the analysis. Another participant had considerable high-frequency noise on all EEG channels (possibly caused by insecure connections between the electrodes and the scalp) and was also excluded, as was a participant with atypical temporal-order judgement data (see ''TOJ Results'' for details).
For the remaining 14 participants, individual trials containing artifacts (e.g., transient tension in the arm muscles, or amplifier saturation in the 2000 ms before the movement) were excluded. The average number of trials actually used in the EEG and TOJ analyses for the 14 participants averaged 145 of a possible 220 (range-88-194) . The remaining trials were more than the minimums needed to compute stable RPs and LRPs (cf. Hackley & Miller, 1995) .
The effects of blinks and horizontal eye movements were eliminated from scalp EEGs with an eye-movement correction procedure (Gratton, Coles, & Donchin, 1983) . This procedure uses a linear regression to determine how much of the EEG data can be predicted from eye activity and then subtracts this component from the EEG data to correct for the influence of eye movements. The recordings from each channel were then time-locked to the key-press, averaged across trials, and baselined. We then examined the RP and LRP as described below. The waveforms shown in the figures and the mean amplitudes for analysis of variance (ANOVA) comparisons were obtained from unfiltered waveforms.
Electrophysiological Results
The RP. To look at the RP, the activity at Cz was averaged over the left-and righthand movements of the 14 participants, and the resulting grand-average waveform is shown in the top panel of Fig. 4 . Visually, the main negative shift seems to begin about 1300 ms before the movement, but given the noise inherent in ERPs it is necessary to check the RP onset statistically. To test for a significant RP onset, we measured the mean amplitude of Cz activity from each participant in 100-ms epochs from Ϫ2000 to ϩ100 ms (these times refer to the start of the epoch and are relative to the key-press at 0 ms). For each epoch, a two-tailed t test (with n ϭ 14, df ϭ 13) was performed. These showed that the activity at Cz was marginally negative (p Ͻ .1) during the epochs starting at Ϫ800, Ϫ700, Ϫ500, and Ϫ400 ms; significantly negative in the epoch starting at Ϫ300 ms (p Ͻ .05); and significantly positive in the one starting at ϩ100 ( p Ͻ .05). Thus, the significance tests suggest that the RP may be real starting as early as 800 ms before the key-press. The onset time of Ϫ800 ms is much earlier than the Ϫ500 ms reported previously for an RP before a spontaneous voluntary movement (Keller & Heckhausen, 1990; Libet et al., 1983) . The results are not directly comparable because RP onset time was determined visually in the earlier studies, but this difference in procedure does not explain the discrepancy. Indeed, visual determination suggests a value of Ϫ1300 ms in the present study, and this value is even more discrepant from those reported previously. The LRP. The LRP was calculated separately for each participant using the formula given above, and the grand-average over all participants is shown in the middle panel of Fig. 4 . The figure suggests that a small amount of lateralization occurs immediately after the hand cue and persists until the movement, but that the main hand-specific movement preparation starts approximately 300 ms before the movement. To test the significance of the LRP, we measured the mean amplitude of the LRP in epochs of 100 ms from Ϫ2000 ms to ϩ100 ms relative to the key-press for each participant. Two-tailed t tests (n ϭ 14, df ϭ 13) confirmed that the mean amplitude of the LRP was significantly positive from the epoch starting at Ϫ300 ms to the one starting at ϩ100 ms (p Ͻ .05). The epoch starting 2000 ms before the key-press was also marginally positive (p Ͻ .1), but this may be a Type I error. Thus, the LRP results suggest that hand-specific cortical movement preparation starts a maximum of 300 ms before a spontaneous voluntary movement.
TOJ Results
Psychometric functions were derived from the temporal order judgments of all participants, separately for the left-and right-hand movements of each participant. For each point in time relative to the key-press, these functions measured the probability that the participant reported that the decision to move had happened before that time (i.e., before the dot, when the dot had appeared at that time). The psychometric functions went from 0% for times well before the key-press to 100% when the dot appeared well after the movement and were manipulated to be monotonic using the Spearman-Karber method described by Ulrich (1987) .
These psychometric functions were computed for each of the 15 participants with acceptable EEG data, and these functions were summarized by computing the mean, median, standard deviation (SD), and difference threshold (DL) separately for each hand. Two of the 30 SDs were especially large-more than 3 standard deviations from the group average SD. Both of these were obtained from the same participant, so this participant was excluded from the data analysis.
The distributions of the 14 acceptable participants' reports about the times of their decisions to move were pooled together 9 and are shown in the bottom panel of Fig.  4 . The pooled psychometric function in this figure indicates that most of the reported decision times were less than 400 ms before the movement, but the very earliest times reported for decisions were more than 1 s before the movement. However, further analysis revealed that these earliest times represent 33 trials (1.6% of all trials) from a single participant, and thus they may be misleading. The next earliest percentile was about 400 ms before the movement, and there was a total of 169 trials (from 7 participants) where the decision was reported to have occurred before a reference dot corresponding to a time more than 400 ms before the key-press, so this point seems to be the most reasonable estimate of the earliest decision time.
Discussion
The main aim of the current experiment was to see whether movement-related brain activity started before even the earliest reported decisions to move, and the three panels of Fig. 4 allow direct comparisons between the relevant RPs, LRPs, and TOJs. Both the figure and the statistical analyses of onsets suggest that the RP starts before any of the reported decisions (apart from a few reported by one anomalous participant described under ''Results''), but that the LRP does not.
These results replicate and extend previous findings (Haggard & Eimer, 1999; Keller & Heckhausen, 1990; Libet et al., 1983) concerning the relationship between RP onset and decision times. It appears that RP onset precedes not only mean decision times but even the earliest ones. This finding provides evidence against the first alternative explanation of Libet et al.'s results raised in the Introduction. In short, the temporal smearing associated with computation of grand-average RPs seems insufficient to explain the finding that RP onset precedes the conscious decision to move. Instead, it appears that the processes measured by the RP really do start before the conscious decision to move in this paradigm.
In contrast, the hand-specific motor preparation measured by the LRP starts after many of the reported decisions to move. Although the LRP onset of Ϫ300 msec was before the mean decision time of Ϫ122 ms, a comparison of the bottom two panels of Fig. 4 suggests that about 20% of the reported decisions were earlier than the LRP onset. This result supports the conclusion that the LRP does not start before a conscious decision to move. That is, even when the participant knows in advance which hand will be used, it is possible that hand-specific preparation to move does not start until after the decision to ''go now.'' This would be consistent with the conclusion that a decision initiates a voluntary movement in a theory similar to Descartes's. The theory would need to be elaborated to allow for some general preparatory activity to occur before the movement, although the movement would not proceed until the decision to go.
It should be emphasized that the results of this experiment are compatible with those of previous studies. Evidence that the mean reported decision time is after the onset of the RP has been presented several times previously (Haggard & Eimer, 1999; Keller & Heckhausen, 1990; Libet et al. 1983) , and a recent study has indicated that the mean reported decision time is also after the onset of the LRP (Haggard & Eimer, 1999) . However, because of the smearing artifact described previously, we argue that the appropriate comparison for RP and LRP onset times is the earliest (rather than mean) reported decision time. Since this earliest decision time precedes the onset of the LRP, our tentative conclusion is that the LRP may precede the decision on each individual trial.
Three aspects of the results suggest that some caution is necessary in interpreting these data. First, the onset of the RP was earlier than reported previously. In the present experiment, RP onset could be estimated at somewhere between Ϫ1300 ms (by visual inspection) and Ϫ800 ms (by statistical testing). Although RP onsets of about Ϫ1300 ms are quite typical for voluntary movements, onset times as late as Ϫ500 ms have been obtained when the importance of moving spontaneously is emphasized (Keller & Heckhausen, 1990; Libet et al., 1983) . Libet et al. reported that long RP onsets were associated with preplanned movements, but the long onset time in the present study occurred even though we excluded any movement that the participant reported as having been planned in advance.
Second, the decision times in the current study were considerably later than those reported previously. In this study, the mean reported decision time was 122 ms before the key-press, whereas previous means range from more than 350 ms before a keypress (Haggard & Eimer 1999) , to approximately 200 ms before the start of EMG activity 10 (Keller & Heckhausen, 1990; Libet et al., 1983) . The variability of mean decision times across studies makes it difficult to argue that any particular average is definitive until further research has clarified how and why decision time varies across studies.
Third, approximately 40% of decisions were reported as occurring after the movement. Taken at face value, these reports would be extremely strong evidence for the conclusions of Libet et al. (1983) because in these trials the brain processes preceding the movement must obviously have occurred earlier than the time of the reported decision to move. On the other hand, it is very difficult to take these reports at face value. Assuming that participants were following the instructions to make spontaneous voluntary movements, they must always have decided to move before actually moving. Thus, the most probable explanation of these reports is that participants were simply wrong about the time of their decisions. Perhaps participants reported the onset of somatosensory feedback from the movement or the key-press instead of reporting the decision to move or perhaps they misremembered or misreported the position of the reference dot at the time of the decision. The current study may thus provide further evidence that we cannot always take at face value reports our own mental processes (Nisbett & Wilson, 1977) .
EXPERIMENT 2
One key result of Experiment 1 was that the earliest reported times of decisions to move were before the onset of the LRP. This finding suggests that hand-specific preparation to move, as indexed by the LRP, may not start until after the decision to ''go now'' and thus provides some support for the second alternative explanation raised in the introduction-namely that specific motor preparation does not start until after the conscious decision to move even though nonmotoric decision-related processes start before the conscious decision. It could be argued, however, that this key result was itself artifactual, caused by the nature of the participant's task in Experiment 1, and that a more appropriate test would reveal that even the hand-specific preparation indexed by the LRP starts before the conscious decision to move. Experiment 2 addresses this argument.
With respect to the development of the LRP, a key feature of Experiment 1 is that the responding hand was cued at the beginning of each trial. Many previous cuing studies have shown that an LRP can develop rapidly in response to a cue indicating which hand will be required to respond (e.g., Hackley & Miller, 1995) . In Experiment 1, the cue would likely have initiated some preliminary hand-specific preparation, and this preparation would have produced a corresponding LRP well before the decision to move. Crucially, such a preparatory LRP might not have been apparent in the LRP we measured (i.e., middle panel of Fig. 4 ): To some extent, it would already have been present during the baseline period, and it would thus have been partially removed when the EEGs were baseline-corrected. According to this view, the LRP shown in this panel reflects mainly the final ballistic motor processes-not preliminary hand-specific preparation-and it is not surprising that such final processes began only after the decision to move.
To circumvent this criticism, in Experiment 2 participants were asked to decide spontaneously which hand to move as well as when to move. With these instructions, LRP should not be generated until the start of the spontaneous hand-specific preparation. The timing of this LRP onset, relative to the earliest reported decisions, will indicate whether this type of preparation begins before or after the conscious decision. In separate blocks of trials, participants were asked to report either the moment at which they decided to move, as in the previous experiment, or the moment at which they decided which hand to move. The comparison of these two report conditions could provide data to suggest the order in which participants decide which hand to move versus when to move.
Method
Participants
Nineteen participants were recruited from the same pool as in the first experiment and were also paid $30 for a single 3-h session. The participants were right-handed and had normal or corrected-to-normal vision.
Apparatus and Procedure
The apparatus, clock presentation, and procedure for reporting the time of a decision were common to both studies, as were the apparatus and the collection of EEG data. The main difference between the experiments was that in the first study participants were told which hand to move on each trial, while in the second study the choice of which hand was left to the participant. As well as the decision of when to ''go now'' (the When-report condition), they also made reports about the time of the decision of which hand to move (Hand-report condition). These two types of reports were obtained in separate blocks.
When-report condition. The When-report condition was very similar to the task in Experiment 1. Briefly, participants rested both hands on a keyboard [with the left and right forefingers on the ''z'' and slash (/) keys, respectively] and made a sudden hand movement with one hand at any time they chose during each trial. After each movement, the participant was asked to report the time of the decision to ''move now'' and to indicate whether the decision to move had been spontaneous or preplanned, using the same reporting procedures as in the previous experiment.
In contrast to the previous experiment there was no L or R at the start of the trial in the When-report condition. Participants were allowed to choose which hand to move in each trial, but were requested to keep the number of left-and right-handed movements approximately equal. They were also asked not to plan in advance when to move or which hand to move with, but to let the movement happen spontaneously.
Hand-report condition. The procedure for the Hand-report condition was exactly the same as the When-report condition, except that after the movement the participant was prompted to make a report about the time of their decision of which hand to move with. After making the report, they were also asked whether their decision of which hand to move had been spontaneous or preplanned.
Design. All participants completed six consecutive blocks in each report condition, with 20 trials per block. The order of conditions was counterbalanced across participants. After six blocks there was a break of 5 min and then verbal instructions from the experimenter describing the new condition. At the beginning of each block the instructions for the appropriate condition appeared on-screen and remained until the participant initiated the block. Each block began with a question presented on the screen, asking the participant which decision (when to move or which hand to move) was to be reported in that block. Participants answered by pressing either the ''z'' key or the slash (/) key, and the trials did not proceed until the question had been answered correctly.
Results
Preliminary EEG Analysis
The same trials were used for both EEG and TOJ analyses. For all 19 participants, trials with no movements (1.6%) or movements within the first 1000 ms (16.4%, range ϭ 0-72.5%) were excluded. We also excluded all trials in which the movement was described as preplanned rather than spontaneous: the mean percentage of preplanned trials was 18.2%, with a range of 0-66% (there were not enough preplanned trials to analyze them separately). We then removed trials containing psychophysiological artifacts, such as horizontal eye movements, transient tension in the arm muscles, and amplifier problems in the 2000 ms before the movement. The mean percentage of trials removed because of artifacts was 11.3%. To ensure that there were enough trials to get reasonable average RPs and LRPs for each participant, we then excluded the 5 participants who did not have at least 20 trials remaining for each hand for both conditions. The 14 remaining participants had an average of 156 trials each remaining (65% of the total possible trials, range ϭ 38.8 to 81.7%), with an average of 39 trials per hand per condition. In all other respects, the analysis of EEGs in this experiment followed the same procedures used in Experiment 1.
Electrophysiological Results
The RP. As in the previous experiment, activity from Cz was averaged over leftand right-hand movements to look at the RP. The top panels of Fig. 5 show Cz averaged across all 14 subjects, separately for the When-and Hand-report conditions. Negativity seems to be present even from the start of the recording epoch, but the negative slope becomes steeper about 800 ms before the movement.
The mean amplitudes of the Czs were measured in 100-ms epochs from 2000 ms before to 100 ms after the movement. For each epoch, 2 ϫ 2 ANOVAs were carried out to test the effect of Condition (When-report or Hand-report) and Condition Order (When-first or Hand-first) on the amount of Cz activity. Overall, the negative activity was marginally significant during the earliest epoch (p Ͻ .1) and significant during the epochs that started from Ϫ1900 ms to Ϫ100 ms ( p Ͻ .05). Under the conditions of this experiment, then the RP was therefore present for at least 2000 ms before the movement.
When Condition
Hand Condition Numerically, the Hand-report condition produced greater negativity than the When-report condition, but this difference did not approach significance for any epoch (ps Ͼ 0.1). There was also no main effect of Condition Order for any epoch, but there was an interaction between Condition and Condition Order for several epochs. In brief, the condition performed in the first half of the experiment created more negativity at Cz than the condition in the second half. This interaction was at least marginally significant (p Ͻ 0.1) for all the epochs between Ϫ700 and ϩ100 msec, with the epochs starting at Ϫ600, Ϫ300, Ϫ200, Ϫ100, and ϩ100 ms being significant at the p Ͻ .05 level. This effect is consistent with previous findings that the amplitude of the RP decreases as the participants lose interest in the task (Deecke et al., 1973) .
To test whether the RP onset latency differed between the two report conditions, jackknifing analyses were performed using the method recommended by Miller, Patterson, and Ulrich (1998) .
11 Recordings of Cz for both conditions were averaged over each subgroup of 13 of the 14 participants, and the latency for each average to reach 50% of the minimum amplitude was scored. The variation between the scores was used to estimate the standard error of the mean latency, and the two conditions were compared. This procedure was repeated using onset criteria of 40, 60, and 70% of minimum amplitude. None of the comparisons were significant, so there is no evidence that the RP onset depended on which of the decisions was to be reported.
To summarize, the RP was significantly negative 2000 ms before the movement. There was no effect on amplitude or latency due to which decision (When or Hand) was reported but the amplitude for the RP decreased across the experiment, possibly as participants' attention waned (Deecke et al., 1973) .
The LRP. The LRP was created from recordings of the activity at C3′ and C4′ as in Experiment 1, separately for each condition. The waves for the When-and Handreport conditions were averaged over 14 participants and are shown in the middle panels of Fig. 5 . The figure suggests that the onset of the LRP is between 300 and 600 ms before the movement, and that the LRP may be larger and earlier before the Hand-report condition than before the When-report condition.
To look for small differences in the timing of the LRP between the two conditions, we measured the mean amplitude of the LRP in 50 ms epochs rather than the 100-ms epochs used elsewhere. These epochs started from 1000 ms before the movement, and as above 2 ϫ 2 ANOVAs tested for the effects of Condition and Condition Order. The LRP was numerically larger for the Hand-report condition than the When-report condition, and this difference achieved marginal significance during the epochs starting at Ϫ600, Ϫ500, Ϫ400, Ϫ250, Ϫ200, and Ϫ100 ms. There was no effect of Condition Order, and there was also no Condition by Condition Order interaction, 11 An obvious way to compare the onset latencies of a component across conditions statistically is to determine the latency of the component for each individual and use the variation between participants to estimate the standard error of the difference in means. However, it has recently been shown that in some situations better results can be obtained when variation is estimated using a procedure called jackknifing . Briefly, jackknifing involves averaging the waveforms to be tested over groups of all but one of the experimental participants (leaving out each participant in turn) and scoring the onset latencies from the averaged waveforms using some criterion . The variation between the latencies of the different averages is used to estimate the amount of error in the mean latency of each condition and thus to test the significance of the difference between the means of two conditions. found that good estimates of LRP onset latency differences were obtained when the criteria for onset were quite high (50 to 90% of the maximum amplitude of the waveform). Although the latencies to the criteria are later than the actual start of the components, they can be assumed to be later by the same amount for both conditions, as long as the waveforms are the same shape, so that the difference between them can still be tested for significance. Based on the success of jackknifing in measuring LRP latencies, we used the same technique to test for latency differences between conditions in both LRP and RP onsets in the current study.
apart from a marginal tendency (in the epoch starting at Ϫ1000 ms, p Ͻ .1) for the condition performed second to have a larger LRP.
The jackknifing procedure that was used to test the difference between onset latencies for the two report conditions was similar to that used for the RPs. Fourteen average LRPs for each condition were calculated, each leaving out a different participant, and the latency of the onset was scored: once again the criteria for onset of 40, 50, 60, and 70% of maximum amplitude . The results confirmed that the LRP was earlier for the Hand-report condition than for the When-report condition. The difference was 67 ms for the 50% criterion (Ϫ150 versus Ϫ217 ms, p Ͻ .01) and 88 msec for the 60% criterion (-121 versus -209 msec, pϽ0.01) . Note that such high criteria for onset make these onset latencies very conservative, but that the difference between the two conditions remains fairly constant across criteria.
Because of the significant differences between conditions, we looked at the LRP for each condition separately. For the When-report condition, the LRP was positive from Ϫ200 to ϩ100 ms. Much earlier, there was some negative LRP (where the hand that ends up not moving is more prepared than the one that will move), which was marginally significant at Ϫ950 and Ϫ800 msec, and significant at Ϫ750, Ϫ700, and Ϫ600 ms. For the Hand-report condition, the LRP was significantly positive from Ϫ400 to ϩ100 (p Ͻ .05), apart from the epoch at Ϫ350 ms that was only marginally positive ( p Ͻ .1).
Overall then, significance tests confirmed that the LRP begins earlier for the Handreport condition than for the When-report condition and has marginally greater amplitude (see Fig. 5 ). The negative LRP at Ϫ700 ms is interesting, and it suggests that, especially for the When-report condition, participants may have prepared to move first one hand and then the other before finally moving, perhaps in an effort to make the time of the movement more spontaneous.
TOJ Results
The decision time probability distributions were calculated as described previously, separately for each combination of Condition and Hand, and the mean, median, SD, and DL were computed to summarize each distribution. There were four distributions for each participant, and no participant had three or more SDs that were more than 2 SDs above the mean for the group. The summary measures were analysed with 2 ϫ 2 ϫ 2 ANOVAs to test for the effects of Condition (When-or Hand-report), Condition Order (When-first or Hand-first) and Hand (left or right). The bottom panels of Figure 5 show the pooled average over 14 participants for both conditions. As in the first experiment, the reported time of the decision to move was often after the movement itself, and the existence of such reports poses a problem for the interpretation of the decision times.
The average values of the mean, median, SD, and DL were Ϫ83, Ϫ32, 145, and 122 ms for the When-report condition, and Ϫ80, Ϫ45, 151, and 128 ms for the Hand-report condition, respectively. There were no significant or even marginal main effects or interactions for any of the dependent variables. The bottom panels of Fig.  5 also show that the earliest decision of when to move is at about Ϫ500 ms, whereas the earliest reported decision of which hand to move is slightly earlier, at about Ϫ650 ms.
Discussion
The main question of the second experiment was whether there is any evidence of hand-specific movement preparation (that is, LRP) before the earliest reported times of the conscious decision of which hand to move. In the Hand-report condition, the decisions of which hand to use were all reported after the onset of the RP, so there is no evidence that the decision was before the RP on any trial. On the other hand, about 20% of the decisions were reported before the start of the LRP, and this is consistent with the possibility that the decision about which hand to move was always before the start of the LRP on each trial. That is, hand-specific movement preparation may not have started until after the reported time of the decision of which hand to move.
As in Experiment 1, we replicated earlier results indicating that the mean reported decision time is after the onset of the RP (Haggard & Eimer, 1999; Keller & Heckhausen, 1990; Libet et al. 1983 ) and also after the onset of the LRP (Haggard & Eimer, 1999) . Because of the smearing artifact, however, our analyses focused on the time of the earliest reported decision times.
The results of the When-report condition largely replicated those of Experiment 1 in that all the decisions of when to move were after the onset of the RP, whereas approximately 30% of them were before LRP onset. Both the earliest reported decisions and the LRP onset were longer before the movement in the condition where participants made reports about the decision of which Hand to move relative to the condition where they made reports about the decision of When to move. This difference between the report conditions occurred even though the participants really had to make both decisions (when to initiate the movement as well as which hand to move) before every movement, and the only difference between the two conditions was the decision that was to be reported. However, despite the difference between the times of the earliest decisions, the mean reported times of the two decisions were virtually identical (Ϫ83 and Ϫ80 ms for the When and Hand reports respectively). This might mean that the decision of which hand will be moved is an intrinsic part of the decision to ''move now,'' or it may be although the decisions are separate, participants were unable to distinguish them.
In summary, although the long RP shows that some general movement anticipation may be present more than 2 s before a movement, the hand-specific LRP necessary for immediate movement initiation may not begin until after both the decision to move and the decision of which hand to move. The fact that this result was obtained even when the decision of which hand to move was made spontaneously strengthens the conclusions from Experiment 1.
Comparison between Experiments 1 and 2
It is also of interest to compare the results obtained in Experiment 2's When-report condition with those obtained in Experiment 1 because this comparison assesses the effects of requiring the participant to choose spontaneously which hand to move. In particular, it is of interest to see whether hand selection influences (a) preparatory activity before the movement or (b) the time at which the decision is reported as being made.
To compare the amplitude of physiological activity, we tested the mean Cz and LRP amplitudes from Experiment 1 against both the When-and Hand-report conditions from Experiment 2. For all conditions, the mean amplitudes of LRP and Cz were measured in 100-msec windows from Ϫ2000 ms to ϩ100 ms. There was never any significant difference between the LRP of Experiment 1 and the Hand-report condition, but the LRP was marginally more positive in Experiment 1 than in the When-report condition during the epochs starting at Ϫ700 ms and Ϫ600 ms. Visually, Cz activity seemed to be more negative in both conditions of Experiment 2 than in Experiment 1 (compare top panels of Figs. 4 and 5) , and indeed the Hand-report condition was at least marginally more negative than in Experiment 1 during all epochs from Ϫ2000 to ϩ100 ms ( p Ͻ .1), except for the epoch starting at Ϫ300 ms, which did not approach significance. However, the difference between the Whenreport condition and Experiment 1 only approached significance during the epochs that started at Ϫ1700 and Ϫ1600 ms.
To compare the timing of psychophysiological activity relative to the key-press, the jackknifing procedure was used to compare experiments for both the RP and the LRP. As in the earlier analyses, we used various criteria for onset latency, from 40-70% of peak amplitude. None of the comparisons was significant for either the RP or LRP, so there is no evidence that the onsets of these waveforms are affected by the requirement to choose which hand to move.
Nor did the difference between the two experiments affect the mean time that participants reported for their decisions to move. The mean time of a decision to move in the first experiment (Ϫ122 ms, with a standard error of 41 ms) was not significantly different from either the mean When time (Ϫ83 ms, standard error 39 ms) or the mean Hand time of the second experiment (Ϫ80 ms, standard error 40 ms), with ts of 0.69 and 0.73 respectively. These findings are comparable to those of Haggard and Eimer (1999) , who also reported that neither mean reported decision times nor LRP and RP onset times, differed as a function of whether hand selection was cued by the experimenter or decided by the participant.
GENERAL DISCUSSION
The purpose of these two experiments was to look at the relationships between reported times of decisions to initiate a movement, reported times of decisions of which hand to move, and two distinct forms of cortical movement preparation, the RP and the LRP. The RP, which is symmetrical across hemispheres and seems to be associated with the anticipation of a future movement, was found to precede even the earliest reported decisions of both types. This replicates and extends previous reports that the RP starts before the mean of the reported decision times (Haggard & Eimer, 1999; Keller & Heckhausen, 1990; Libet et al., 1983) , as does the LRP (Haggard & Eimer, 1999) . In contrast, a reasonable proportion of decisions (approximately 20%) were reported before the onset of the LRP, which reflects hand-specific preparation for an immediate movement. The fact that there are some decisions before LRP onset, in combination with the smearing artifact discussed in the Introduction, means that the finding that LRP onset precedes the average reported decision does not imply that the LRP ever actually starts before the decision takes place on any individual trial. Libet et al. (1983) argued that because the onset of the RP is before the mean time of conscious decisions to move, movement initiation must begin unconsciously and therefore must not be under conscious control. In contrast, the simplest and most conservative interpretation of the current results would suggest that in fact the handspecific preparation necessary for an immediate movement may not begin until after the time of a conscious decision to move. We would argue that even though the conscious decisions are always reported after the onset of the RP, this slow symmetrical wave is more likely to be an indicator of a movement that is being contemplated for the future, rather than one that is in the process of being initiated immediately. Indeed, the 2-s lead time between RP onset and the movement observed in Experiment 2 seems far too long to be associated with any sort of direct preparation for an immediate spontaneous movement. This conclusion fits in well with numerous previous findings that negativity recorded at Cz may reflect nonmotor as well as motor aspects of preparation (e.g., Brunia, 1993; Gaillard, 1977; Gaillard & Perdok, 1980; Gaillard & Van Beijsterveldt, 1991; Perdok & Gaillard, 1980; Van Boxtel & Brunia, 1994a , 1994b .
Our conclusion that the final motoric preparations to move may not be made until after a decision to move would contradict Libet et al.'s (1983) overall conclusions and reinforce the common belief that our conscious decisions are effective in initiating our actions. However, as discussed previously, there are a few obstacles to drawing this conclusion, especially doubts about the reliability and validity of our measurement of the time of participants' decisions to move. Doubts about this measurement are raised by the fact that the reported decision times in these experiments were considerably closer to the time of the movement than those reported previously (Haggard & Eimer, 1999; Keller & Heckhausen, 1990; Libet et al., 1983) .
More importantly, the validity of the measurement is called into question by the finding that a large proportion of the reported decision times were after the time of the movement. This makes it seem unlikely that participants were able to report the time of the event that initiated the movement because causes must logically precede their effects. One possibility is that participants made reports about some other event, such as the feeling of actually moving or (as suggested by Keller & Heckhausen, 1990 ) the transfer of control of the movement from an unconscious to a conscious control system in the brain. An alternative possibility is that the times reported were wrong, perhaps delayed by some constant or random variable. It would be hard to know how to understand a claim that the time someone became aware of a conscious decision to move was not the time that the conscious decision actually occurred, but Nisbett and Wilson (1977) list several situations in which people are reliably, demonstrably wrong about their cognitive processes and still make confident reports about such processes.
On the other hand, because we asked people to report when they decided to move, their answers have at least face validity as the times that the decisions occurred. In addition, other results of Trevena (1999) indicate that the distribution of reports about the time of a decision is similar to the distribution of reports about the time of a tone. This suggests that rather than making up a time, participants in these studies really did report the time of some event as accurately as possible. Perhaps the only thing we can be sure of is that the psychophysics and psychophysiology of intention (Breitmeyer, 1985; Marks, 1985) are not yet exact sciences.
Therefore, albeit with some reservations, we conclude that the results of Libet et al. (1983) do not unambiguously demonstrate that movement preparation begins unconsciously. In particular, the distinction between the onset of the RP and the LRP before a spontaneous voluntary movement seems crucial. Our finding that reported decision times are always after the onset of the RP but often before the start of the LRP suggests that actual preparation for movement-as opposed to contemplation of it as a future possibility-may not begin until after a conscious decision to initiate the movement immediately.
